Mitochondrial membrane hyperpolarization and morphological changes are important in inflammatory cell activation. Despite the pathophysiological relevance, no valid and reproducible method for measuring mitochondrial homeostasis in human inflammatory cells is currently available. This study's purpose was to define and validate reproducible methods for measuring relevant mitochondrial perturbations and to determine whether these methods could discern mitochondrial perturbations in type 2 diabetes mellitus (T2DM), a condition associated with altered mitochondrial homeostasis. We employed 5,5',6,6'-tetrachloro-1,1'3,3'-tetraethylbenzamidazol-carboncyanine (JC-1) to estimate mitochondrial membrane potential (ψ m ) and acridine orange 10-nonyl bromide (NAO) to assess mitochondrial mass in human mononuclear cells isolated from blood. Both assays were reproducible. We validated our findings by electron microscopy and pharmacological manipulation of ψ m . We measured JC-1 and NAO fluorescence in the mononuclear cells of 27 T2DM patients and 32 controls. Mitochondria were more polarized (P=0.02) and mitochondrial mass was lower in T2DM (P=0.008). Electron microscopy demonstrated diabetic mitochondria were smaller, more spherical, and occupied less cellular area in T2DM. Mitochondrial superoxide production was higher in T2DM (P=0.01). Valid and reproducible measurements of mitochondrial homeostasis can be made in human mononuclear cells using these fluorophores. Further, potential clinically relevant perturbations in mitochondrial homeostasis in T2DM human mononuclear cells can be detected.
Introduction
Mitochondria are central to catabolism and the production of ATP. Recently, there has been increased awareness of the importance of perturbations of mitochondrial homeostasis in pathological states, including diabetic vascular disease. 1 Prior data also demonstrate the central and proximal roles of activated T-lymphocytes 2, 3 and monocytes 4 in the pathogenesis of atherosclerosis. 5 While these cells can be activated by multiple stimuli, emerging evidence suggest that the presence of type 2 diabetes leads to activation of the inflammatory mechanisms in these cells through pathways that involve alterations in mitochondrial homeostasis. 6 Specifically, mitochondrial hyperpolarization, which has been shown in basic and animal studies to occur in type 2 diabetes, 1 appears to be a key step in the activation of the immune process in both lymphocytes 7 and monocytes. 8 Further, mitochondrial mass and morphology are also central to mitochondrial function.9 , 10 Reductions in mitochondrial mass have been observed under diabetic conditions in skeletal muscle, 11 and cell culture studies demonstrate hyperglycemia induces mitochondrial fission with the subsequent development of excessive mitochondrial reactive oxygen species (ROS) production, reduced ATP production, and blunted cell growth. 12 Prior work using tumor cell lines suggest the potential for making measurements of mitochondrial membrane potential and mass in human mononuclear cells. 13 However, despite the potential pathophysiological significance of perturbations of mitochondrial morphology and membrane potential in diabetic mononuclear cells, there are no protocols that establish an efficient, valid, and reproducible method for making measurements of mitochondrial homeostasis in human mononuclear cells. In this study, we establish a valid and reproducible method for measuring mitochondrial membrane potential and mass in this easily accessible cell population and apply this methodology to demonstrate significant differences in mitochondrial homeostasis between patients with type 2 diabetes (T2DM) and non-diabetics.
Methods

Subject Selection
The study protocols and advertisements were approved by the Medical College of Wisconsin Institutional Review Board or the Boston University Medical Center Institutional Review Board, and all subjects underwent the informed consent process as required by these institutions. All mitochondrial measurements for reproducibility and comparison of patients with type 2 diabetes to non-diabetics were performed at the Medical College of Wisconsin.
27 diabetic and 32 non-diabetic subjects ages 35-70 were consecutively enrolled. The diagnosis of type 2 diabetes was made by the enrollee's primary physician prior to enrollment based on standard criteria.14 Control subjects were screened prior to enrollment, and excluded if they had metabolic syndrome per the International Diabetes Federation criteria,15 a history of cardiovascular disease (including a clinical history of stroke or myocardial infarction, 16 or a documented history of a cardiac catheterization with ≥50% stenosis in at least one major epicardial coronary artery), a major chronic illness, a positive pregnancy test as determine by urinary beta-HCG test, a diagnosis of type 1 diabetes, or a history of cigarette smoking within a year prior to the study.
All studies were performed in the fasting state and done between 7:30AM and 9AM. Subjects with diabetes mellitus were instructed to hold their morning oral diabetes medications prior to their blood draw.
Isolation of Monocytes and Lymphocytes
We collected venous blood into prefabricated tubes containing a density gradient solution for the isolation of lymphocytes and monocytes (BD™ Vacutainer™ CPT Cell Preparation tubes with sodium citrate Becton, Dickenson and Company, Franklin, NJ). Tubes were spun at 3000 rpm for 30 minutes at room temperature and cell layers were collected and transferred into 5 mL of 1× Hank's Buffered Salt Solution (HBSS) by pipet. This solution was centrifuged for additional 10 minutes at 250 × g at room temperature. The pellet was resuspended in fresh 1× HBSS. Cell count was determined using a hemacytometer, with all counts made in duplicate and the average taken to be the cell concentration. Preparations were subsequently diluted with HBSS to a concentration of 8.0 × 10 5 cells/mL for further analyses. In five healthy subjects, flow cytometry analysis confirmed that this isolation procedure yields a mixture of 96% mononuclear cells (lymphocytes and monocytes).
Measurement of Mitochondrial Membrane Potential
We assessed mitochondrial membrane potential (ΔΨ m ) using 5,5',6,6'-tetrachloro-1,1'3,3'-tetraethylbenzamidazol-carboncyanine (JC-1, Invitrogen, Carlsbad, CA). JC-1 is a cationic dye whose mitochondrial uptake is directly related to the magnitude of the mitochondrial membrane potential. The greater the mitochondrial uptake, the greater concentration of JC-1 aggregate forms which have a red fluorescent emission signal, as opposed to the JC-1 monomer that fluoresces green. 17 Prior studies demonstrate a linear relationship between red:green ratio of JC-1 fluorescence and membrane potential over a physiological range.17
One milliliter of isolated cells (concentration 8.0 × 10 5 cells/mL ) were incubated with 10μL of 200 μM JC-1 (final JC-1 concentration of 2 μM) for 20 minutes at 37°C with 5% CO 2 . Cells were subsequently pelleted by centrifugation (5000 rpm for 5 minutes at 4°C) and resuspended in 1× phosphate buffered saline (PBS). JC-1 fluorescence for the cell suspensions and PBS controls were measured in triplicate in costar-96 well plates (Corning, NY) using a microplate reader (Ex/Em (green) /Em (red): : 485/538/590nm)(SpectraMAX Gemini EM, Molecular Devices, Sunnyvale, CA). A higher red:green ratio indicates a more polarized, or more negative and hyperpolarized mitochondrial inner membrane.
Measurement of Mitochondrial Mass by Estimating Cardiolipin Content
As a measure of mitochondrial mass, we used acridine orange 10-nonyl bromide (NAO, Invitrogen), a metachromic dye that fluoresces at 533 nm. NAO binds to cardiolipin, a phospholipid specifically present on the mitochondrial membrane. Importantly, binding is independent of ΔΨ m over the physiologically relevant range. 18, 19 Six μL of 2.5 mM stock NAO solution were diluted to a concentration of 5 μM NAO using 2.994 mL of 1× HBSS. Then, we added 3 mL of freshly isolated cells at 8.0 × 10 5 cells/mL into this solution to reach final NAO concentration to 2.5 μM. These cells were incubated in light-shielded vials at 37°C in a water bath for 30 minutes. The cell solution was then centrifuged twice at 4C for 5 minutes at 1,500 rpm. The pellet was resuspended in 1 mL of fresh 1× HBSS, washed, and the sample was diluted to a cell count of 1.0 × 10 5 cells/mL. NAO fluorescence for the cell suspension and HBSS controls was measured in triplicate using the microplate reader (Ex/Em 485/538 nm) previously described.
Measurement of Mitochondrial Superoxide Production
To verify the potential functional significance of our findings, we measured mitochondria specific superoxide production in monocytes isolated from an additional 8 patients with T2DM and 6 non-diabetic subjects. A 35-mm petri dish (Corning, Lowell, MA) was coated with 0.01% Poly-L-Lysin (Sigma Aldrich, St.Louis, MO), and washed with deionized water. For each subject, 1mL of mononuclear cell suspension solution (8×10 5 cells/ml) containing 5 μM of MitoSox™ (Invitrogen, Carlsbad, CA) was added to a petri dish, which was subsequently incubated 37°C for 30 min. MitoSox™ is comprised of hydroethidium covalently bonded to a triphenylphosphonium group that allows for selective targeting of this superoxide detector to mitochondria, leading an approximately 1000× concentration of this fluorophore in the mitochondria relative to the cytosol. 20 Following washing, fluorescence intensity of individual cells was measured by fluorescent microscopy (Nikon Eclipes TE 200-U, Tokyo, Japan) with wavelength of Ex/Em 510/572 nm. A reviewer blinded to the clinical status of the study subjects measured fluorescence intensity of individual cells in ten different section of the dish and corrected these measurements for local background fluorescence using MetaMorph 6.2 (Molecular Devices, Sunnyvale, CA).
Validity and Reproducibility Studies
We assessed intra-assay variability for each fluorophore by performing measurements of JC-1 and NAO fluorescent intensities on two separate blood samples taken on the same day from 10 subjects without diabetes. To measure inter-assay variability, JC-1 and NAO fluorescent intensities, blood samples were obtained on two separate occasions at least one week apart from 11 non-diabetic study participants for JC-1 and 8 participants for NAO (6 non-diabetic subjects, 2 diabetic subjects).
To identify the sub-cellular location of JC-1 accumulation, we imaged mononuclear cells attached on 0.01% Poly-L-Lysin (Sigma Aldrich, St.Louis, MO) coated micro cover glasses (VWR Scientific, Inc., Media, PA), which was fixed on a slide using a confocal laser scanning microscope (Nikon Eclipes TE2000-U, Tokyo, Japan) with Ex/Em wavelengths of 488/530/590 nm. These images were superimposed to show the relative localization of the fluorescent signals from JC-1 monomers (green) and dimers (red) using MetaMorph 6.2. The red and green fluorescent intensity of the sample cells were measured using Image J 1.38. Electron microscopy images of these cells were also taken for comparison [JEOL 1011 transmission electron microscope (Tokyo, Japan) with a mounted Gatan digital camera (Pleasanton, CA)]. Confocal microscopic images were obtained of mononuclear cells from both T2DM and non-diabetic subjects exposed to nonyl acridine orange (Ex/Em 490/526 nm) and MitoSox™ (Ex/Em 510/580 nm).
To confirm our ability to detect changes in membrane potential using this method, we isolated mononuclear cells from 6 non-diabetic and 2 T2DM subjects and measured JC-1 fluorescence after incubation with the mitochondrial membrane depolarizing agent carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) with a dose range of 0 to 10 μM for 30 minutes.
We used transmission electron microscopy as an alternative way to assess mitochondrial mass in cells collected from three control subjects and three subjects with type 2 diabetes mellitus using a previously described methodology. 12 Images of 20-40 cells per subject were obtained at 12,000× [Hitachi H 600 TEM (Tokyo, Japan) equipped with an AMT 1K side mount camera (Advanced Microscopy Techniques, Danvers, MA)] ImageJ version 1.38 was used to measure the cell area and the area and dimensions of all visible mitochondria within the cell (3-18 mitochondria/ cell). To quantify mitochondrial morphology, higher power images (30,000×) were analyzed from three diabetic and three nondiabetic subjects (10-12 cells per subject). ImageJ 1.38 was used to calculate the average mitochondrial aspect ratio (length of major axis ÷ length of minor axis) and form factor for each individual. A perfectly circular mitochondrion would have an aspect ratio of 1. Form factor is the inverse of circularity. 21 . A higher form factor is indicative of more branching and complex mitochondria. All cell analyses were blinded to the clinical status of the subjects.
Statistical Analysis
Study data were collected and managed using REDCap electronic data capture tools hosted at the Medical College of Wisconsin. 22 With respect to the reproducibility data, we calculated the coefficients of variation, Pearson's correlation coefficient, and intraclass correlation coefficients for the log-transformed JC-1 red:green ratio, and NAO fluorescent intensity for both repeated measures performed at the same time and repeated measures performed approximately one week apart.
For the comparison between patients with T2DM and non-diabetics, study population characteristics, JC-1 red:green ratios, and NAO fluorescence intensities were compared using unpaired t-tests, Wilcoxon rank sum test, or Fisher's exact test as appropriate. JC-1 red:green ratios and NAO fluorescence intensities were normalized by log transformation prior to evaluation of univariate and multivariate predictors. We determined univariate associations between the log transformed mitochondrial measurements and age, sex, body mass index (BMI), waist circumference, LDL, HDL, triglycerides, total cholesterol, systolic blood pressure, and diastolic blood pressure. Multivariable models were constructed for to determine independent predictors of log JC-1 red:green ratio and log NAO fluorescence intensity that included all significant univariate predictors (P<0.05 for univariate associations). All values are reported as mean ± S.D unless otherwise specified. P-values ≤ 0.05 were considered significant.
Results
Subject Demographics
The demographic data for the 32 non-diabetic and 27 type 2 diabetic subjects enrolled in this cross-sectional investigation are listed in Table 1 . The average time since diagnosis for the T2DM patients was 4.4±3.6 years. Fasting glucose level, BMI, waist circumference, triglycerides, and systolic blood pressure were all significantly higher in the diabetic group. Diabetes also had lower LDL levels. Medications taken by the diabetic subjects are listed in the caption to Table 1 . No control subjects were taking any of these medications.
Confirmation of Fluorophore Localization and Activity
Representative confocal images of mononuclear cells from participants with T2DM and nondiabetic subjects for JC-1, NAO, and MitoSox™ are shown in Figures 1 and 2 . FCCP produced a readily detectable decrease in ΔΨ m as represented by the log JC-1 red:green fluorescent intensity within a physiologically relevant range (Figure 3 ). Table 2 displays reproducibility data for the red:green ratio of JC-1, mitochondrial membrane potential, and NAO fluorescent intensity. The intra-assay Pearson and intra-class correlation coefficients for the log JC-1 ratio and log NAO fluorescent intensity were both 0.98. The interassay Pearson and intra-class correlation coefficients for log JC-1 were respectively 0.80 and 0.81 for log JC-1 and 0.96 and 0.93 for log NAO. The intra-and inter-assay coefficients of variation are also reported in Table 2 . Table 3 reports the quantitative measurements of mitochondrial morphology for both groups. While there were no significant between-group differences in the number of mitochondria per cell, the mitochondria of patients with T2DM were significantly smaller, occupied significantly less cell area, and were significantly more spherical than those of non-diabetics. There was a trend toward reduced mitochondrial branching complexity as measured by the form factor in patients with T2DM, but this comparison did not reach statistical significance. Figure 4 illustrates representative EM micrographs of the mitochondrial morphology found in patients with T2DM ( Figure 4a ) and non-diabetic participants (Figure 4b) 
Validation and Reproducibility of Measures of Mitochondrial Homeostasis
Mitochondrial Morphology in Patients with T2DM Versus Non-Diabetics
Comparison of Mitochondrial Membrane Potential and Mass in Patients with T2DM and NonDiabetic Controls
Mitochondrial membrane potential, expressed as the absolute red:green ratio, in the isolated mononuclear cells of patients with T2DM was significantly greater in magnitude than that measured in non-diabetic subjects (19.0±9.3 vs. 13.8±6.0 for patients with T2DM and controls, respectively, P=0.02, Figure 5 ). Further, mitochondrial mass as estimated by NAO fluorescent intensity was lower in patients with T2DM compared to control subjects (135±111 vs.214±128 A.U. for diabetics and controls, respectively, P=0.008, Figure 6 ). Differences between groups for both measures remained following log transformation (P=0.008 and 0.003 for red:green ratio and NAO fluorescence intensity, respectively). Table 4 shows the results of our univariate analyses for predictors of mitochondrial membrane potential and mass. The presence of diabetes was the only variable significantly associated with mitochondrial membrane potential (r=0.34, p=0.008). With respect to mitochondrial mass estimated by NAO, only age, presence of diabetes, and body mass index were significant univariate predictors.
Predictors of Mitochondrial Membrane Potential and Mitochondrial Mass
In an age-adjusted model, the presence of diabetes remained an independent predictor of mitochondrial membrane potential by JC-1 (P<0.001 for model, R 2 =0.16, p=0.02 for presence of diabetes, p=0.43 for age). Age-and BMI-adjustment blunted the association between the presence of diabetes and mitochondrial mass (P=0.01 for model, R 2 =0.18, p=0.08 for presence of diabetes, p=0.33 for age, p=0.18 for BMI).
Comparison of Mitochondrial Superoxide Production between Patients with T2DM and NonDiabetics
Mitochondrial superoxide productions was significantly higher in a subset of 8 patients with T2DM relative to 6 non-diabetic controls.(113±52 vs. 52±26 A.U. for DM vs. non-diabetics, P=0.01, Figure 7) 
Discussion
In this study, we demonstrated an efficient method to perform valid and reproducible measurements of mitochondrial mass and membrane potential in human mononuclear cells isolated from the peripheral venous circulation using JC-1 and NAO. Further, we demonstrated greater mitochondrial membrane polarization and lower mitochondrial mass in patients with T2DM compared to age matched controls. The presence of diabetes was the only subject characteristic associated with mitochondrial hyperpolarization and this association was independent of age. The relationship between mitochondrial mass and the presence of diabetes appears to be in part mediated by age and body mass index. We also found that mitochondrial superoxide production was higher in a subgroup of patients with T2DM relative to controls. Importantly, these data support our ability to make valid and reproducible measurements of mitochondrial homeostasis. To our knowledge, these data are the first to characterize the mitochondrial membrane potential and morphology in the mononuclear cells of patients with T2DM relative to non-diabetics. These findings add to the growing literature implicating derangements of mitochondrial homeostasis in the pathophysiology of type 2 diabetes.
We found mitochondrial hyperpolarization along with lower mitochondrial mass and spherical, less complex mitochondrial morphology in patients with T2DM relative to non-diabetics. Our findings parallel cell culture data delineating a similar pattern of mitochondrial hyperpolarization and morphological alterations central to the inflammatory activation process of monocytes and T-cells in type 2 diabetes. 7, 23 12 Specifically, the hyperglycemic state of type 2 diabetes is known to trigger the production of multiple pro-inflammatory cytokines, induce cytotoxic and helper T-cell proliferation, 24 and activate immune responses in T-cells and monocytes, 25 and lead to concomitant increased ROS production. 26, 27, 28 The heightened overall inflammatory state in type 2 diabetes likely contributes significantly to the microvascular and macrovascular complications of this disease, 29 suggesting our findings may have pathophysiological relevance to the cardiovascular morbidity of diabetes.
The present study also demonstrated significant differences in mitochondrial morphology in mononuclear cells from diabetic patients. There is a growing recognition that mitochondrial morphology and function are the significant linked. 9, 10 With respect to diabetes, hyperglycemia induces rapid mitochondrial fission and this response is associated with excessive mitochondrial ROS production and mitochondrial hyperpolarization. 12 Further, in vitro cell culture work has demonstrated that increased mitochondrial fission and inhibition of mitochondrial fusion lead to less efficient ATP production, 30 slower cell growth, 31 and increased mitochondrial DNA damage. 32 Our data extend these findings, suggesting chronic hyperglycemia and insulin resistance produce small, divided, and hyperpolarized mitochondria producing elevated levels of superoxide, contributing to an overall heightened state of activation and inflammation in mononuclear cells. The influence of diabetes on mitochondrial mass may be modified by both age and body mass, findings that merits future investigation.
In the present study, we used NAO fluorescence as an index of mitochondrial mass. This approach relies on a strong, direct relationship between mitochondrial cardiolipin and mitochondrial number. Cardiolipin is a large phospholipid specific to the mitochondrial inner membrane, comprising approximately 20% of membrane lipid content. Cardiolipin plays a key role in maintaining the fidelity of oxidative phosphorylation, but is prone to oxidative modifications and removal. 33, 34 We cannot exclude reduced mitochondrial cardiolipin content in diabetic mononuclear cells as a contributor to the differences in NAO fluorescence observed. Given the importance of cardiolipin to mitochondrial membrane integrity, alterations in cardiolipin content in mononuclear cells in diabetics merit further investigation.
While useful for rapid assessments of structure and function, measurements of mitochondrial homeostasis using fluorescent probes should generally be considered semi-quantitative given limitations with all currently available probes. 35 For example, studies using the mitochondrial membrane potential fluorophore TMRE may be problematic because it has been shown to bind to the inner mitochondrial membrane such that the fluorescent signal is primarily derived from bound rather than free TMRE depending on experimental conditions. 36 With respect to probes employed in this study, NAO fluorescent intensity may be in part dependent on ΔΨ m . [37] [38] [39] These prior studies demonstrate that use of high-dose pharmacological agents to depolarize mitochondria also reduces NAO fluorescent intensity. While we cannot exclude ΔΨ m dependence of the NAO measurements in our study, these prior reports suggest that the difference in mitochondrial mass observed between non-diabetics and patients with diabetes in our study may actually be larger than we have observed using NAO to estimate mass. JC-1 is widely used for qualitative estimates of ΔΨ m . Use of this probe to estimate membrane potential can be challenging given dose sensitivity of mitochondrial specificity of green fluorescence. 35, 40 However, three lines of evidence suggest JC-1 measurements using our protocol represent a reasonable semi-quantitative measurement of mitochondrial membrane potential. First, we identified appropriate per-nuclear cellular localization JC-1 (Figure 1) . Second, our good reproducibility data suggest that, with our protocol, any non-specificity of monomeric JC-1 localization within a cell has limited effect on the variability of our measurements. This suggests our protocol supplies stable within-subjects cell loading concentrations of JC-1 to exposed mononuclear cells. Finally, our results are consistent with prior cell culture work showing mitochondrial hyperpolarization using JC-1 in the setting of hyperglycemia, adding to the validity of our measurements. 41 While no probe for mitochondrial membrane potential measurement is without its limitations, including TMRE, 42, 43 further verification of our membrane potential finding using a second mitochondrialmembrane potential sensitive fluorophore unrelated to JC-1 would help corroborate our findings.
Our study has several limitations. We did not measure glycosylated hemoglobin levels in our subjects. Future work looking at the relative effects of the acute glycemic milieu verses chronic glycemic control on our measurements of mitochondrial homeostasis will help discern the relative influences of these two exposures on these mitochondrial measurements. Due to the cross-sectional nature of this work, we cannot determine the relative causal contributions of impaired mitochondrial biogenesis, respiratory state ratio (state 3 vs. state 4) and hyperglycemia-induced fragmentation to our findings in patients with T2DM. Ethical considerations precluded our ability to study subjects withdrawn from their medications to determine their mitochondrial status in the absence of medications. Some of these medications, including metformin and HMG-CoA reductase inhibitors, may have relevant in vivo effects on mitochondria. The lowering LDL cholesterol concentrations in our T2DM population relative to non-diabetics is likely secondary to greater use of HMG-CoA reductase inhibitors by those with T2DM. The relative mitochondrial impact of medications on mitochondrial homeostasis will need to be further assessed. While JC-1's dependence on mitochondrial membrane potential is well-established, JC-1 aggregate formation can also be driven in part by mitochondrial volume. Given our finding of lower cell surface area of mitochondria in T2DM, it is conceivable a portion of our JC-1 findings may be secondary to lower mitochondrial volume in T2DM as suggested by our NAO studies and EM micrographs. Further studies manipulating the mitochondrial membrane potential while measuring mitochondrial superoxide production in both populations will be helpful to determine the relative contributions of differences in mitochondrial volume and membrane potential in our JC-1 observations. Balanced against these limitations are significant strengths including the novelty of establishing efficient and reproducible measurements of mitochondrial homeostasis in cells easily obtained by venipuncture and the application of this methodology to demonstrate potentially important differences in mitochondrial function and morphology between patients with T2DM and non-diabetics. These strengths underscore the potential of these measurements to be applied in future clinical research studies to better delineate the relevance of mitochondrial perturbations in type 2 diabetes and changes in mitochondrial function following interventions.
Conclusion
Our data demonstrate the ability to reliably estimate mitochondrial membrane potential and mass using available fluorescent probes. Further, using our measurements, we determined that relative mitochondrial hyperpolarization accompanies lower mitochondrial mass and significant alterations in mitochondrial morphology in circulating mononuclear cells from patients with T2DM relative to non-diabetic controls. These findings are consistent with prior cell culture and animal work, suggesting these differences may have important pathophysiological implications that merit further investigation. The mitochondria patients with T2DM are more highly polarized (more negative) than controls subjects as measured by the red:green fluorescent intensity ration of theJC-1 probe. Data presented as mean±S.E. *− P=0.02 Mitochondrial mass/cardiolipin content is lower in patients with T2DM relative to control subjects as measured by nonyl acridine orange fluorescent intensity *−P=0.008 Mitochondrial superoxide production is higher in a subset patients with T2DM relative to control subjects as measured by MitoSox™. Data presented as mean±S.E. *−P=0.01 
